We used fluorescent tracers to map the pattern of cortical afferents to frontal area 10 in marmosets. Dense projections originated in several subdivisions of orbitofrontal cortex, in the medial frontal cortex (particularly areas 14 and 32), and in the dorsolateral frontal cortex (particularly areas 8Ad and 9). Major projections also stemmed, in variable proportions depending on location of the injection site, from both the inferior and superior temporal sensory association areas, suggesting a degree of audiovisual convergence. Other temporal projections included the superior temporal polysensory cortex, temporal pole, and parabelt auditory cortex. Medial area 10 received additional projections from retrosplenial, rostral calcarine, and parahippocampal areas, while lateral area 10 received small projections from the ventral somatosensory and premotor areas. There were no afferents from posterior parietal or occipital areas. Most frontal connections were balanced in terms of laminar origin, giving few indications of an anatomical hierarchy. The pattern of frontopolar afferents suggests an interface between high-order representations of the sensory world and internally generated states, including working memory, which may subserve ongoing evaluation of the consequences of decisions as well as other cognitive functions. The results also suggest the existence of functional differences between subregions of area 10.
Introduction
The function of the frontopolar cortex, a region that encompasses cytoarchitectural area 10, remains a major issue in cognitive neuroscience (Burgess et al. 2007; Koechlin and Hyafil 2007) . Scientific interest in the frontal pole can be linked to its expansion and subdivison in human evolution (Semendeferi et al. 2001; Ö ngu¨r et al. 2003) , as well as the lack of obvious motor or sensory symptoms following its lesion, despite changes in high-order cognitive processes and personality (Damasio et al. 1994) . The past decade has witnessed enormous progress in terms of lesion and neuroimaging studies focused on the human frontal pole, leading to several theories about function (e.g., Christoff et al. 2001; Braver and Bongiolatti 2002; Koechlin et al. 2003; Okuda et al. 2003; Ramnani and Owen 2004; Gilbert et al. 2006 ). In addition, it was only very recently that systematic physiological recordings from the frontal pole were obtained in behaving primates, providing evidence of a role in evaluating the consequences of recently made decisions (Tsujimoto et al. 2010) .
The vast majority of what we know about the connections of the frontopolar cortex derives from studies in a single primate genus, Macaca (macaque monkeys). This is not an ideal situation, as the pattern of connections observed in a few closely related species cannot be assumed to represent what is shared with other primates, including humans. For example, there is evidence of allometric influences on cortical connectivity, with species with larger brains showing more marked segregation between subsystems of areas (Rilling and Insel 1999; Changizi and Shimojo 2005; Palmer and Rosa 2006b ). In addition, the configuration of the cerebral cortex varies between species, including factors such as the relative size of sensory versus association cortices, and the emergence of new areas in species with larger brains (Rosa 2002; Orban et al. 2004; Padberg et al. 2007; Passingham 2009 ). Studies in species that are diverse in terms of size, ecological niche, and phylogenetic history are necessary not only to determine the main shared features of the connectivity of the frontal pole but also to provide the basis for a future understanding of structure--function relationships.
There is also a more basic reason why further exploration of the connections of the frontopolar cortex is desirable: there are significant gaps in our knowledge of this region. Early studies indicated that the macaque frontal pole receives its principal afferents from association areas in the prefrontal, anterior temporal, and cingulate cortices, suggesting a zone of convergence of the highest hierarchical levels of sensory processing streams (Jones and Powell 1970; Jacobson and Trojanowski 1977) . However, these experiments predated key refinements in our knowledge of cortical areas and used techniques that were not sensitive by current standards. Subsequent work has used modern anterograde tracing techniques to study the pattern of efferent projections of the frontal pole (Barbas and Pandya 1989; Medalla et al. 2007; Petrides and Pandya 2007) . However, the situation remains much less satisfactory in terms of our current knowledge of the pattern of afferent projections to this part of the brain. To date, refinements to the picture painted by the pioneering work conducted in the 1970s have been exclusively based on a few retrograde tracer injections in the caudal medial and caudal orbital portions of area 10 ( Barbas et al. 1999; Cavada et al. 2000; Saleem et al. 2008) , or injections in other areas, which revealed projections to area 10 (e.g., Weller and Kaas 1987; Barbas 1993; Romanski et al. 1999; Kondo et al. 2003; Kobayashi and Amaral 2007; Gerbella et al. 2010 ).
Here we describe a comprehensive analysis of the pattern of cortical projections to the frontal pole in the marmoset, a New World monkey species for which detailed information about cortical organization is available (Krubitzer and Kaas 1990; de la Mothe et al. 2006; Burman and Rosa 2009 ) and which is of increasing interest as a model species for studies combining genetic, functional imaging, and behavioral approaches to investigation of higher order brain processes and diseases (Sasaki et al. 2009; Schatten and Metalipov 2009 ).
Materials and Methods
The experiments were approved by the Monash University Animal Experimentation Ethics Committee, which also monitored the welfare of the animals. All procedures followed the guidelines of the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes.
Our main findings are based on the analysis of 5 retrograde tracer injections in the right hemispheres of 3 adult marmoset monkeys (Callithrix jacchus). These injections ( Fig. 1 and Table 1) were selected for the present report based on 2 criteria: the injection sites were centered in architecturally defined area 10 ( Burman et al. 2006; Burman and Rosa 2009) , and there was no involvement of the white matter. With the exception of one injection near the border with area 9 (CJ71-FE; Fig. 1C ,D), all others had both core and halo sectors entirely confined to area 10, with little possibility of contamination of adjacent areas (for illustration of these injection site locations in coronal sections, see Figs 9 and 14--16, and for microphotographs, Supplementary Fig. 1 ). Data from another 2 injections, in areas 9 and 46, are also illustrated, in the context of establishing the anatomical distinctiveness of the frontopolar cortex relative to adjacent granular frontal cortices (Figs 9 and 10). For the purposes of comparison, we also relied on detailed accounts of the connections of areas 11, 12, and 32, from the recent report by Roberts et al. (2007) .
The position of the injections in area 10 was varied in order to allow comparison of the pattern of cortical projections to different subregions. One of the injections (CJ73-FR; Fig. 1F ) consisted of an elongated tracer deposit confined to the midline wall, whereas 2 others were aimed toward rostral and caudal locations along the dorsomedial convexity of the frontal pole (CJ71-DY and CJ71-FE; Fig. 1C,D) . In reality, postmortem reconstruction demonstrated that the injection in CJ71-DY occupied the very apex of the frontal pole, being evident even in the first coronal section through the rostral cortex (see detail in Fig. 14I ). A fourth injection (CJ70-DY) was placed on the dorsomedial surface of the frontal lobe, with small invasion of the midline layer 4 by the ''halo'' (Figs 1A-B and 16), whereas a fifth injection was located in rostrolateral area 10, with some involvement of the infragranular and granular layers along the orbital surface (CJ71-FB; Fig. 1C ; see also Fig. 15I ).
Surgical Procedures and Tracer Injections
The animals were premedicated with intramuscular (i.m.) injections of diazepam (3.0 mg kg
) and atropine (0.2 mg kg -1 ). Anesthesia was induced 30 min later with alfaxalone (10 mg kg -1 i.m.), with supplemental doses (5 mg kg -1 ) administered during surgery as required. The animals were placed in a stereotaxic frame, a craniotomy was performed, and the dura mater overlying the frontal pole was reflected. Unlike many other primate species, where surgical access to the frontal pole can be difficult due to the overlying sinus, in marmosets this region is readily accessible. The placement of tracers was guided by direct visualization of the frontal pole and previous results on the extent of cytoarchitectural area 10 in this species (Burman et al. 2006) . The exact location of the injections in relation to cortical layers and areal boundaries was assessed by post mortem histological reconstruction. The retrograde fluorescent tracers diamidino yellow (DY) dihydrochloride and fast blue (FB) were directly applied into the cortex as crystals, with the aid of blunt tungsten wires , whereas fluororuby (FR) and fluoroemerald (FE) were injected (0.3 lL) via a 1-lL microsyringe (Scientific Glass Engineering). Completion of surgery and recovery procedures followed a previously described protocol ). Briefly, the cortex was covered with saline-soaked sterile gelfilm, above which the dural flaps were carefully arranged. The portion of frontal bone removed during craniotomy was cemented back into place with dental acrylic and the skin sutured. Antibiotics (Norocillin 0.1 mL, single dose) and analgesics (Carprofen 5 mg kg -1 , subcutaneous for 2 consecutive days) were also administered.
After survival times of 11 days (CJ70), 13 days (CJ71), or 14 days (CJ73), the animals were deeply anesthetized with sodium pentobarbitone (100 mg kg -1
) and perfused transcardially with heparinized saline, followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). After postfixation in the same medium for at least 24 h, the brains were blocked and, over the next few days, were immersed in buffered paraformaldehyde solutions containing increasing concentrations of sucrose (10%, 20%, and 30%). Frozen 40-lm coronal sections were then obtained using a cryostat. Every fifth section was mounted unstained on glass slides, air-dried, and coverslipped with di-n-butylphthalate-xylene mounting medium for analysis of neurons labeled with fluorescent tracers. These sections were stored in the dark at 4°C. Consecutive series were stained for cell bodies (using cresyl violet), myelinated fibers (Gallyas 1979) , and cytochrome oxidase activity (Wong-Riley 1979) . The fifth series was stored in cryoprotectant buffer at -18°C and kept as spare sections in order to repeat any of the above procedures, in rare cases where the initial results proved suboptimal ).
Cell Plotting and Estimation of the Extent of the Injection Sites
Sections were examined using a Zeiss Axioplan 2 or Axioskop 40 epifluorescence microscope equipped with the appropriate filters for each fluorescent tracer. Labeled neurons were identified using 310 or 320 dry objectives, and their locations within the cortex and subcortical structures were mapped using a digitizing system (MD Plot3, Accustage) attached to the microscope. To minimize the problem of overestimating the number of neurons due to inclusion of cytoplasmic fragments, labeled cells were accepted as valid only if a nucleus could be discerned. This was straightforward in the case of DY, since this tracer only labels the neuron's nucleus (Keizer et al. 1983 ). In the case of tracers that label the cytoplasm (FB, FE, and FR), the nucleus was discerned as a profile in the center of a brightly lit, well-defined cell body, which in the vast majority of cases had an unmistakable pyramidal morphology (for examples of labeled neurons that matched these criteria, see Supplementary Figs 2 and 3) .
The extent of the DY or FB injection site was estimated according to the criteria defined by Conde´(1987) . In Figures 4--9 and 14--16, these injection sites are represented as 2 concentric zones: a dark region, indicating the combined extent of Conde´'s zones 0 and 1 (hence corresponding to a generous estimate of the tracer uptake zone), and a light region, corresponding to zones 2 and 3 (where the cytoarchitecture was disrupted, but no tracer uptake was expected). In illustrations of FR and FE injections, the dark region indicates cortex containing fluorescent dye in the extracellular space (that is limited to the neighborhood of the needle track; Schmued et al. 1990) , and the light region indicates the surrounding zone where virtually every cell body was brightly labeled. Table 1 summarizes the involvement of different cortical layers for each injection, as estimated using Nissl-stained sections.
Analysis
The boundaries of cortical areas projecting to the frontal pole (summarized in Fig. 2 ) were defined based primarily on cyto-and myeloarchitectural criteria that have been validated against functional and connectional data (Krubitzer and Kaas 1990; Rosa and Elston 1998; de la Mothe et al. 2006; Burman et al. 2006 Burman et al. , 2008 Palmer and Rosa 2006b ). In particular, the histological characteristics of cytoarchitectural area 10, and of the frontal lobe areas that send projections to area 10, have been illustrated in recent studies (Burman et al. 2006 (Burman et al. , 2008 Burman and Rosa 2009) . Given the lack of previous descriptions in the marmoset, the key defining histological characteristics of some of the temporal lobe areas that project to area 10 will be described in the Results. Photographs to illustrate architectural features were obtained through Zeiss PanNeofluar objectives and acquired as digital images using a Zeiss AxioCam and AxioVision v4.4 software (Carl Zeiss Vision GmbH). Animal CJ70 also received injections in areas 9, 8Ad, and 12l, which are not illustrated in the present paper. For illustration of results of injections in areas 8Ad and 12l in the marmoset, see Roberts et al. (2007). d Animal CJ71 also received an injection in the rostral part of area 12l, which is not illustrated in the present paper. e Animal CJ73 also received an injection in the caudal part of area 12l, which is not illustrated in the present paper.
We quantified the percentages of projecting cells located in different areas, as well as the laminar pattern of connections, based on detailed drawings of individual coronal sections in which the positions of labeled cells were charted relative to cortical layers and architectural boundaries. Quantitative analyses were performed in 4 cases, with the FE injection in animal CJ71 being excluded due to the proximity of the injection site with area 9 and lack of involvement of the infragranular layers. Abercrombie's correction formula (method 1; Abercrombie 1946) was applied to provide corrected estimates of the density of projecting cells, taking into consideration the average diameters of the neuronal profiles in the different layers and areas. For this analysis, nuclear diameters were estimated using features of the AxioVision software, by focusing up and down the thickness of the section, and estimating the diameter at a focal plane corresponding approximately to the center of the cell body. Although this correction still leaves room for some imprecision (Guillery 2002) , it was appropriate for the purposes of the present study, given that the diameters of the nuclei of cells that formed projections to area 10 were relatively small, compared with the section thicknesses (7--13 vs. 40 lm; see Clarke 1992) . Moreover, our focus was on relative differences between layers and areas, in tissue that underwent the same steps of preparation.
The laminar patterns of connections were analyzed using the proportion of labeled cells located in the supragranular layers, relative to the total number of labeled cells in a given area (%SLN; Barone et al. 2000) . To avoid bias introduced by small samples, this analysis was conducted only on projections that comprised 50 neurons or more, visualized across all cases (Table 3 ). In the case of areas in which layer 4 was not evident, a similar calculation was performed to express the proportion of cells located in the putative homologues of layers 2 and 3 (e.g., Kobayashi and Amaral 2000) , as a fraction of the total labeled cells. Van Essen and Maunsell (1980) . Discontinuities in the representation, introduced to minimize distortion, are indicated by the arrows. The red, blue, and green asterisks represent corresponding points on 2 sides of a discontinuity. Continuous gray lines indicate the main cortical folds, including the lips and fundi of the lateral and calcarine sulci, the fundi of the superior temporal and intraparietal dimples, and the limits of the medial, ventral, and orbital surfaces. The inserts show corresponding lateral (lower left) and medial (upper left) views of the marmoset brain, with sulci opened; some areas are labeled to help orientation. Colors and bold text indicate regions that send projections to area 10, as revealed by the present study. Subdivisions of the visual and posterior cortices are defined according to Rosa et al. (2009) , subdivisions of the auditory cortex according to de la Mothe et al. (2006) , subdivisions of the somatosensory cortex according to Kaas (2005) , subdivisions of the motor cortex according to Burman et al. (2008) , subdivisions of the frontal cortex according to Burman and Rosa (2009) Projections with %SLN lower than 33 were classified as feedback connections (B), and those with %SLN greater than 67 were classified as feedforward connections (F). Projections formed by nearly balanced numbers of neurons in the supragranular and infragranular laters were classified as lateral connections (L).
In order to provide visual summaries of the distribution of cells projecting to the frontal pole, 2-dimensional reconstructions of the cortical surface were produced by graphically ''unfolding'' contours of layer 4 in sections 400 lm apart, while keeping the neighborhood relationships between corresponding points in adjacent sections (Van Essen and Maunsell 1980) . Maps of the density of labeled cells were prepared by projecting the location of each labeled neuron or neuron cluster to the nearest location in layer 4, based on 3-dimensional graphic reconstructions of this layer across serial sections ). After these locations were transferred to 2-dimensional maps, the relative density of labeled cells in different regions was calculated according to a square grid (400-lm side) superimposed on these maps and by taking into consideration the Ambercrombie correction formula. Given the spacing of sections, each grid subdivision typically included information from parts of 2 adjacent plotted sections. Because the number of labeled cells varied according to the size and type of injection, the color code in these figures expresses densities relative to the maximum observed in a particular case. The locations of the injection sites and architectural transitions were also projected onto these maps, allowing correlation between different sets of data.
Results
Figure 2 illustrates our current understanding of the subdivisions of the marmoset cortex, and highlights, in color, the areas that showed projections to the frontopolar cortex (for abbreviations, see Supplementary Table 1) . We begin the presentation of the results by summarizing the connectional pattern observed in the hemispheres ipsilateral to the injection sites, including both the main, consistent projections and those that varied depending on the location of the injection site. By referring to illustrations of 2-dimensional reconstructions and series of coronal sections, we then document in detail the spatial distribution patterns revealed after the different injections, as well as the results of quantitative analyses. These analyses were based on 4 cases with injections that avoided the borders of area 10 entirely, being restricted to sections within 1.5 mm of the anatomical frontal pole and rostral to the first appearance of the underlying white matter (see Supplementary  Fig. 1 ). Case CJ71-FE, with a more caudal injection restricted to the supragranular and granular layers, is illustrated only with the aim of providing further evidence of distinct connectivity of the medial sector of area 10. Finally, we describe the laminar distribution of projecting cells in different areas and discuss the patterns of interhemispheric and intrinsic connections. Figure 3 (upper) summarizes the fraction of labeled cells observed in each architectural area (mean+ standard error of the mean of the results from 4 injections). Black and gray bars indicate projections that were revealed in each of the 4 cases that were analyzed quantitatively, with the former denoting projections that encompassed at least 1.0% of the extrinsic ipsilateral label in every case. The white bars in this figure indicate areas that contained labeled cells following some, but not all of the injections. The relative density of projections to area 10 from different parts of the cerebral cortex is also illustrated in lateral and medial views of the marmoset brain (Fig. 3, bottom) . To complement this overview, a summary of the results obtained in individual cases is presented in Table 2 (for these data expressed as labeled neurons per cubic millimeter of cortex, see also Supplementary Table 2) .
Summary of Main Findings
The spatial distribution of labeled cells following each of the 5 area 10 injections is illustrated in unfolded reconstructions of the cerebral cortex, presented in Figures 4--8. Area 10 received over half of its ipsilateral projections from other areas located in the prefrontal cortex, including subdivisions located on the orbital, dorsolateral, and medial surfaces. The second largest contingent of projections originated from high-order sensory and association cortices located in the rostral temporal lobe. Among these, consistent projections were observed both in the rostral superior temporal and rostral inferior temporal association regions (STr and ITr), with some quantitative differences between cases: injections in medial and rostral area 10 labeled a larger number of cells in STr (Figs 4--6), while those in dorsal and lateral area 10 labeled a larger proportion in ITr (Figs 7 and 8). Other consistent temporal lobe projections included those from the temporal pole and from the polysensory cortices aligned with the fundus of the superior temporal sulcus. The pattern of projections to the frontal pole was notable for the lack of afferents from the parietal lobes, particularly in comparison with the results of injections in adjacent granular frontal areas. Finally, projections from the rostral calcarine (prostriata), retrosplenial, parahippocampal, and supracallosal regions were focused primarily on the medial and caudal portions of cytoarchitectural area 10 (Figs 4, 5, and 10).
Projections from Orbital Frontal Areas
The orbitofrontal cortex (subdivisions of cytoarchitectural areas 11, 12, 13, and the orbital insular cortex) contained on average 22.5% of all extrinsic projection neurons charted across 4 injection cases. The strongest and most consistent orbitofrontal projections originated in the posterior region, primarily the lateral subdivision of area 13 (area 13l; 4.7--7.7% of the extrinsic labeled cells, in different cases; Table 2 ). Area 13l has a very characteristic histology, being heavily myelinated relative to adjacent cortex (Carmichael and Price 1994; Burman and Rosa 2009 ). This obvious architectural feature allowed us to distinguish projecting cells located in area 13l from those originating in the adjacent, lightly myelinated lateral orbital insular cortex (Ins l; Burman and Rosa 2009), which also sent a consistent, but smaller projection to the frontal pole (1.0--1.6% of the extrinsic label). In comparison, projections from the medial subdivision of area 13 (13 m) varied more substantially, from equivalent to those of 13l (e.g., 6.5% of the labeled cells in the case illustrated in Fig. 6 ) to relatively minor (0.7% of the label in the case illustrated in Fig. 4 ). Further ventrally, near the medial convexity of the frontal lobe, cytoarchitectural areas 13a and 13b showed small projections to area 10 following medial, rostral, and dorsal area 10 injections (together comprising 0.8--2.2% of the labeled cells). A notable exception was the lateral injection ( Fig. 8) , which led to a densely labeled patch straddling the boundary of these areas.
The ventrolateral frontal cortex of the marmoset encompasses the lateral, medial, and orbitocaudal subdivisions of area 12 (12l, 12m, 12o; see Fig. 2 ). The most consistent projections (1.3--4.0% of the extrinsic label) originated from subdivision 12l, which extends from the lateral convexity of the frontal lobe onto the orbital surface. Projections from other subdivisions of area 12 were typically weaker and more variable in terms of both strength and location (Table 2 and Fig. 3 ).
Noteworthy was a strong projection from area 12o, which was observed in the case with the most lateral injection (Fig. 8) .
Area 11, located immediately caudal to area 10 ( Fig. 2) , also showed consistent projections, which originated in both the lateral and the medial histological subdivisions (11l and 11m; Burman and Rosa 2009 ). There was no obvious topography relating injection site locations to these architectural subdivisions. With the exception of the most rostral injection (Fig. 6 ), which resulted in relatively sparse labeling across this region, most cases revealed robust projections from area 11 to the frontal pole (Table 2) .
Projections from Dorsolateral Prefrontal Areas
Area 9 formed a strong and consistent projection, which encompassed the majority of the dorsolateral prefrontal cells projecting to the frontal pole (5.6--15.0% of the extrinsic label in the ipsilateral hemisphere; Fig. 3 and Table 2 ). Irrespective of the location of the injection site, most of the labeled cells were located in the part of area 9 exposed on the dorsal surface, rather than along the midline cortex . The only other substantial dorsolateral frontal projections to area 10 originated in the dorsal subdivision of area 8A (8Ad; Petrides and Pandya 1999; Burman et al. 2006) . Projections from 8Ad encompassed 2.3--4.6% of the labeled cells, Figure 3 . Top: percentages of labeled neurons located in different cortical areas after retrograde tracer injections in area 10. Each column represents the mean and standard error of the mean of observations in cases CJ70-DY, CJ71-DY, CJ71-FB, and CJ73-FR. Black columns indicate projections from areas that contained substantial label in each of these 4 cases (i.e., at least 1% of the labeled extrinsic neurons in the hemisphere ipsilateral to the injection site). Gray columns indicate projections that were present following each of the injections, but were deemed minor (\1%) in at least one case, while white columns indicate projections that were absent in some cases. For purposes of illustration, some of the variable or minor projections from functionally related areas were grouped (e.g., the auditory core and belt areas are represented by a single column). The bottom image summarizes the relative density of projections from different brain areas in a gray level scale (dark 5 denser projections).
in different cases. Although labeled cells were observed in areas 8B and 46 following each of the injections, these projections were not particularly robust (8B: 0.3--1.8% of the labeled cells; 46: 0.1--1.7% of labeled cells). Following medial injections, only a few labeled cells were observed in these areas (Figs 4 and 5 and Table  2 ). Finally, projections from the ventral subdivision of area 8A (8Av, which includes the marmoset's frontal eye field; Burman et al. 2006) were noted only in the case with the most lateral injection (Fig. 8) .
Projections from Medial Frontal Areas
Areas located on the medial surface of the frontal lobe also formed substantial projections to the frontal pole (corresponding, on average, to 20.1% of the extrinsic projections to area 10). These projections originated primarily in cytoarchitectural areas 14 and 32.
The rostral (dysgranular) subdivision of area 14 (14r; Burman and Rosa 2009) supplied one of the most consistently dense afferent connections of the frontopolar area (6.8--15.0% of labeled cells in the ipsilateral hemisphere). The presence of this strong projection was one of the most reliable characteristics distinguishing injection sites in cytoarchitectural area 10 from those in adjacent dorsolateral prefrontal cortex: area 14r was not connected to areas 9 and 46 ( Fig. 9B--D) or to areas 8Ad and 12 (data not shown; see Fig. 13 in Roberts et al. 2007) . Labeled neurons in the caudal (agranular) subdivision (14c) were consistently present, although in much smaller numbers (0.2--1.0% of the labeled ipsilateral cells).
Another medial frontal area that consistently sent major projections to the frontal pole was area 32. The topographic relationship between injection site location and label density was the opposite of what perhaps would be expected based solely on proximity (Table 2) : projections to lateral, dorsal, and rostral area 10 were quite dense , in comparison with those to sites in medial area 10 (Figs 4 and 5). The sections shown in Figure  9B --D, representing results from a medial injection (CJ73-FR), represent the lightest projection from area 32 across our material (1.8% of the labeled extrinsic cells, in this case). Finally, very sparse and more variable projections were charted from the rostral cingulate cortex (area 24) and from the subgenual cortex (area 25) to the frontal pole (Table 2) . Even the strongest projection from area 24 to area 10, which was observed in the case of a lateral injection (Fig. 8) , was still relatively minor (0.7% of the ipsilateral labeled cells), particularly in comparison with the much more obvious projection of area 24 to area 9 (e.g., Fig. 9E ).
Projections from Other Medial Areas (Supracallosal, Retrosplenial, and Posterior Cingulate Cortices) Projections to the frontal pole also originated in prostriata, a visual association area that emphasizes the representation of peripheral vision, and in adjacent area 23v, which is connected to extrastriate cortex (Palmer and Rosa 2006a) . However, these projections were strongly localized, specifically targeting the medial part of cytoarchitectural area 10 (Figs 4 and 5). As exemplified by the case shown in Figure 10A ,B (middle column), medial injections resulted in dense label in area prostriata, with labeled cells located immediately adjacent to the primary visual area (V1), in the rostral calcarine cortex. Cells projecting from area 23v were less common overall (Table 2 ) and only occurred in some cases.
Projections from other areas located in the midline cortex were not dense, typically consisting of small clusters (3--4 labeled neurons) or isolated cells (e.g., Figs 15C and 16A, F). They originated most consistently in cytoarchitectural areas 29 and 30, with some variation with respect to anteroposterior Figure 2 , with the injection site shown in concentric black (core) and white (halo) zones. To save space, the primary visual area (V1) was omitted, and its location is indicated at the far left (there were no connections from V1 to area 10 in any case). The black lines indicate the main cortical folds including the lateral, intraparietal, calcarine, and superior temporal sulci and the limits between the medial, dorsal, ventral, and orbital surfaces. Borders between areas are indicated by the dashed lines, which were drawn through the center of the histological transition zones. The density of labeled cells (neurons per millimeter square of cortical surface area), following stereological correction, is indicated using the color scale shown on the top right. Scale bar 5 2 mm.
level, although in some cases a few cells invaded posterior cingulate area 23a (Figs 4, 7, and 8) . The sparseness of the supracallosal and posterior cingulate projections to area 10 was in contrast to the prominent projections from these regions to adjacent prefrontal areas 8, 9, 12, and 46 ( Fig. 10C --E, and data not shown; see also Fig. 14 in Roberts et al. 2007 ).
Architectural Areas on the Lateral Surface of the Temporal Lobe of the Marmoset As shown in Figures 4--8 , a complex of areas in the temporal lobe sent strong projections to the frontal pole in every case examined. These projections originated across large regions, encompassing cortex with diverse architectural characteristics. In order to interpret those data, and to provide valid comparisons with the existing literature, it was necessary to characterize these architectural areas in the marmoset, expanding on earlier studies of the superior temporal cortex (de la Mothe et al. 2006 ) and caudal inferior temporal cortex (Palmer and Rosa 2006b ). Figures 11--13 illustrate Nissl-and myelin-stained sections from caudal to rostral levels of the brain, which demonstrate the criteria we used to subdivide the lateral surface of the temporal lobe. Based on existing connectional data and preliminary electrophysiological data in the marmoset, as well as comparative analysis of histological characteristics, we recognize a dorsal (superior temporal) region consisting primarily of auditory and auditory association areas, an intermediate region consisting of multimodal integration areas, and a ventral (inferior temporal) region consisting of visual association areas. As demonstrated in the series of coronal sections illustrated in Figures 10 and 14--16 , projections to the frontopolar cortex originated from all of these regions, with some variation in emphasis related to the exact location of the injection sites. The following sections will describe the criteria for architectural delimitations in Figure 5 . Distribution of label after a small injection of fluoroemerald in the caudal medial part of area 10 (case CJ71-FE). Given the proximity of the border with area 9, this injection was not included in the quantitative analyses. Other conventions as in Figure 4. these regions, in parallel with their respective patterns of connections with area 10.
Projections from the Dorsal (Superior) Temporal Cortices The superior temporal region of the marmoset includes the core, belt, and parabelt auditory cortices, as well as a rostral superior temporal association region (STr). Subdivision of the cortex into these areas was based on myeloarchitectural characteristics, differences in the thickness of layer 4, and features revealed by the cytochrome oxidase stain, all of which have been previously described in detail in the marmoset (de la Mothe et al. 2006 ).
Core and Belt Regions
In Nissl-stained sections, the areas forming the auditory core, lateral belt, and medial belt regions are all characterized by a broad, granular layer 4, and by well delimited infragranular layers, including a darkly staining layer 6. In comparison with subdivisions of the belt, core areas are more heavily myelinated throughout (e.g., Fig. 12 ), and stain much darker for cytochrome oxidase in the middle layers (de la Mothe et al. 2006; Reser et al. 2009 ). Although these relative differences are retained throughout the rostrocaudal extent of the core and belt regions, at rostral levels ( Fig. 13) there are concomitant decreases in the density of myelination, distinction of the bands of Baillarger, and definition of the cortical layers revealed by Nissl stains, in comparison with caudal levels (Figs 11 and 12) . Projections from core and belt areas to the frontal pole were sparse overall, being obvious in only 2 cases. The medial injection illustrated in Figure 4 resulted in relatively robust patches of label in lateral belt areas (which together comprised 2.0% of the labeled extrinsic cells), as well as in sparser label in medial belt regions. The most rostral injection (Fig. 6 ) revealed projecting cells not only in belt regions (1.0% of the total label; Fig. 14C ,G) but also in the rostrotemporal core area. The latter projection consisted of a few, scattered labeled neurons (for further evidence, see Reser et al. 2009 ). --13) . The caudal region of the parabelt (PBc) is more densely myelinated than the rostral region (PBr), but a sharp boundary is difficult to define; our best estimate is that the transition between these regions occurs at a level roughly lateral to the rostral area of the auditory core (R). Both PBc and PBr stain lightly for cytochrome oxidase. Particularly at caudal levels, the bands of Baillarger are distinct (Fig. 11) . We found that the parabelt areas formed some of the strongest auditory connections of area 10 ( Table 2 ), and that these were, again, most prominent after injections in rostral and medial frontopolar sites (Figs 4 and 6) . In these cases, relatively robust projections were found to originate in both PBc and PBr (e.g., Figs 10D and 14) . The injections in dorsal and lateral parts of cytoarchitectural area 10 only labeled neurons in the PBc (e.g., Fig. 16C,D) . Although this projection was substantial in the dorsal injection (Fig. 7) , it only encompassed scattered cells in the lateral injection case (Fig. 8) .
Rostral Superior Temporal Cortex
Rostrally, the PBr borders the rostral superior temporal association region (STr). As defined histologically, STr occupies a progressively larger sector of the lateral surface of the temporal lobe as the temporal pole is approached (e.g., Fig. 14E--H) . However, in marmosets the distinction of STr from the caudally adjacent superior temporal polysensory cortex (STP, to be discussed below) is hard to discern based on histological criteria alone, and it is possible that these regions merge further caudally than indicated in Figure 2 . The borders illustrated in Figures (4--8 ) represent estimates based, among other criteria, on the laminar pattern of connections (see below). Figure 13 illustrates the criteria used to distinguish STr from adjacent areas. In comparison with the rostral parabelt cortex, in STr there is a reduction in the thickness of layer 4, as well as a marked reduction in the degree of delineation of layer 6, which is clear in low-power views. The bands of Baillarger become slightly more defined in STr than in the rostral parabelt, but the inner band is not clearly separated from the white matter. STr can also be distinguished from rostral levels of the inferior temporal cortex (to be discussed below), by virtue of the sharper delimitation of layer 4 (particularly its upper boundary) and the greater separation of the bands of Baillarger in the latter region (Fig. 13) . Finally, STr can be also distinguished from the temporal pole cortex, which in comparison appears as very lightly myelinated (data not shown). Based on location relative to other areas, and architectural characteristics, this region is likely to encompass homologues of areas located in the anterior superior temporal gyrus of the macaque (Galaburda and Pandya 1983; de la Mothe et al. 2006) .
The STr region contained dense clusters of labeled cells in every case, forming one of the most consistent projections to the frontal pole (Fig. 3) . These clusters were most prominent in cases with injections in medial (Figs 4 and 5) and rostral (Fig. 6) area 10, in which virtually the entire STr region was covered in labeled cells (see also Figs 10E and 14E--H) . Even though neurons in STr formed smaller proportions of the total extrinsic label following dorsal and lateral area 10 injections (Table 2) , clear patches of labeled cells were also observed in these cases (Figs 7, 8, 15, and 16) .
Projections from the Ventral (Inferior) Temporal Cortices Our previous studies of the marmoset inferior temporal region have focused on its posterior half, which was subdivided into caudal, dorsal, and ventral subdivisions (ITc, ITd, and ITv; Fig. 2 ) Figure 8 . Distribution of label after a fast blue injection in the lateral part of area 10, with some involvement of the lateral orbital surface (case CJ71-FB). Other conventions as in Figure 4 . distinguishable on the basis of receptive field size, connections with extrastriate areas, and architectural features (Rosa and Tweedale 2000; Palmer and Rosa 2006a,b) . Although some labeled neurons were found in ITd (e.g., Figs 6, 7, and 14; for comparison, see Palmer and Rosa 2006b ), the vast majority of the inferior temporal projections to area 10 originated more rostrally. We refer to this region as the rostral inferior temporal area (ITr), following the standard nomenclature for the corresponding region in other species of New World monkey (Weller and Kaas 1987; Weller and Steele 1992) . In agreement with these previous studies, we consider ITd, ITv, and ITr to be subdivisions of cytoarchitectural area TE (Peden and Von Bonin 1947) , with ITr being distinct from the caudal subdivisions primarily in terms of density of myelination and connections (Figs 12 and 13; Weller and Kaas 1987) . In low-power views of Nissl-stained sections, ITr resembles ITd and ITv in having relatively thick layer 4, which has a sharp upper limit due to an immediately overlying cell-sparse band located at the base of layer 3 (Figs 12 and 13) . Although ITd is further characterized by the clear separation of layers 5 and 6 (Fig. 12) , ITr resembles ITv in showing less obvious lamination of the infragranular layers (Fig. 13) . Overall, the cytoarchitecture of the marmoset ITr resembles that of areas TE1 and TE2 defined by Seltzer and Pandya (1978) .
We observed labeled cells in the inferior temporal cortex (primarily ITr, with some involvement of ITd) in each of the 5 cases reported here. However, in contrast with the auditoryrelated label reported above, the highest proportion of labeled cells in the inferior temporal areas was found following dorsal (Figs 7 and 16) and lateral (Figs 8 and 15 ) frontopolar injections. Particularly in these cases, it is clear that labeled cells were located in visual-processing subdivisions of the temporal cortex, given their location relative to wellcharacterized visual areas (e.g., Fig. 16A--D) . However, even in the cases of rostral and medial area 10 injections, there was substantial label in ITr (e.g., Fig. 14D--F) . 
Projections from Polysensory Temporal Cortices
As illustrated in Figure 11 , the transition between the superior and inferior temporal groups of areas in the marmoset encompasses at least 2 distinct subdivisions, in approximate dorsoventral succession, which we refer to as the STP area and the ventral subdivision of the fundus of superior temporal area (FSTv). Both of these regions contributed consistent projections to the frontal pole.
Ventral to the auditory parabelt, we observed a region that has the characteristics of cytoarchitectural area TPO defined by Seltzer and Pandya (1978) , in having a layer 4 that is broad, but has indistinct upper and lower boundaries, a layer 6 that merges gradually into layer 5 and poorly developed bands of Baillarger (Fig. 11) . This architectural area overlaps with the functionally defined STP (Cusick et al. 1995) , and, similar to its macaque counterpart, STP in the marmoset runs dorsal to the fundus of the superior temporal sulcus (Cappe and Barone 2005) . STP projections to the frontal pole were observed in every case. However, we again find evidence for differences between the cases with medial and rostral injections versus those with lateral or dorsal injections: while in the former there were substantial proportions of labeled cells in STP (5.9--12.2% of the extrinsic label), in the latter this area contained many fewer labeled neurons (1.6--1.9%; see Table 2 ). However, as discussed above, these figures may not be exact due to the difficulty in defining a histological border between STP and STr.
Ventral to the caudal part of STP, we found relatively thin cortex with well-developed supragranular layers, sharply defined but narrow layers 4 and 6, moderate myelination, and a single well-defined band of Baillarger, in the lower part of layer 3 (Fig.  11) . Whereas in New World monkeys, the cortex in this location is usually referred to as FSTv (Kaas and Morel 1993; Rosa et al. 2009 ; see Fig. 2 ), its architectural characteristics are very similar to those of area IPa defined by Seltzer and Pandya (1978) . Although FSTv contained relatively few labeled cells (Table 2) , these were observed in every case. Here an opposite connectional bias was observed, with injections in the lateral and dorsal regions of the frontal pole showing more robust connections (1.3% of the extrinsic label, in both cases) in comparison with those in rostral (0.3%) or medial (0.1%) regions.
Other Temporal Lobe Projections

Temporal Pole
The temporal polar cortex (cytoarchitectural area TG of Von Bonin and Bailey 1947) was consistently interconnected with the frontopolar cortex. These projections were quite numerous after injections in rostral (Fig. 6 ) and medial (Fig. 4) sites within cytoarchitectural area 10 (Table 2) , in which labeled cells were found throughout the dorsal, lateral, and ventral regions of the temporal pole. In contrast, projections to lateral and dorsal parts of area 10 were relatively weaker and originated only in the ventral part of the temporal pole.
Parahippocampal and Perirhinal Cortices
The parahippocampal cortex of the marmoset has been subdivided into a lateral area where layer 4 is clearly present (TF), and a medial area where this layer is indistinct (TH; Palmer and Rosa 2006b) . Although both of these areas sent projections to area 10, these were found to depend on the location of the injection sites, decreasing dramatically in strength as a function of distance from the midline (Table 2) . For example, neither TF nor TH sent any projections to the most lateral injection site in area 10 (Fig. 8) . In addition, a weak projection was observed more anteriorly, in the rostral part of the perirhinal cortex (36r; see Fig. 13 ). Conversely, here the Figure 11 . Histological transitions in the caudal part of the dorsal temporal lobe of the marmoset, illustrated in adjacent sections stained for myelin (left) and Nissl substance (right). The arrows point to the midpoints of the transitions between the caudal lateral belt, PBc, STP, FSTv, and ITd. Note the heavier myelination, well-defined bands of Baillarger, thick layer 4, and well-defined layers 5 and 6 in the auditory belt, and how these characteristics become progressively eroded in PBc and STP. At the level of FSTv, there is a single, but well-defined band of Baillarger, and a sharp layer 4. Images are tiled photographs taken under identical conditions to allow display of a wider area at high magnification. Blood vessels within each section were used to position adjacent photos in register. For guidance, the image on the right is replicated in Supplementary Figure 4 , with the layers outlined. Scale bar 5 1 mm.
projection was most obvious in the case of a lateral frontal pole injection (compare Figs 14 and 15, F--G) .
Lateral Extrastriate Cortex
Minor projections from lateral extrastriate areas were observed, being most obvious in the case with the dorsal injection (Fig. 7) . These cells (Fig. 16A,B) were scattered across the medial superior temporal area, the dorsal subdivision of the fundus of the superior temporal area (FSTd; Rosa and Elston 1998) , and the peripheral representation of the ventrolateral posterior area (Rosa and Tweedale 2000) . A small column of labeled cells (n = 5) was observed in the ventral parietal cortex of the same case (Fig. 7) .
Other Projections from Sensory and Premotor Areas
We also identified pathways that could convey somatosensory and gustatory information directly to specific locations of the frontal pole (Zald et al. 2002; Reed et al. 2005) . These connections were relatively minor and were specific in terms of their targets within area 10. The most lateral injection (Fig. 8 ) revealed small columns of projecting cells in somatosensory areas located in the dorsal bank of the lateral sulcus (second somatosensory area and parietal ventral area, Krubitzer and Kaas 1990) , as well as in adjacent insular cortex (probably including the ventral somatosensory area, Coq et al. 2004) . Projections from these areas (e.g., Fig. 15C,E) , which have been linked to somatic sensation and gustation (Kaas 2005) , accounted for fewer than 0.5% of the labeled cells, even in this case. At the same time, this injection labeled small patches of neurons in the ventral premotor area and, as described above, the anterior cingulate area (24), consistent with a localized emphasis on somatomotor function (Carmichael and Price 1995b) .
Even sparser projections from some of these same regions were observed following the rostral area 10 injection (Fig. 6) . Although in this case much of the label in the lateral sulcus was located adjacent to the medial belt cortex (proisocortical auditory area; de la Mothe et al. 2006; Reser et al. 2009 ), small groups of projecting cells were also observed in the agranular and dysgranular sectors of the insula (Mesulam and Mufson 1982a,b) . Finally, in most cases a few scattered cells were observed in the rostral premotor area (area 6Dr; Burman et al. 2008) . Premotor and somatosensory labeling was rare or absent following medial or dorsal area 10 injections (Figs 4 and 7). Table 3 summarizes the percentage of neurons located in the supragranular layers (%SLN) that formed the different projections to area 10, following stereological correction. Like many ratio-based measures, the calculation of %SLN can become unreliable when applied to very small samples. Hence, for the analysis presented in Table 3 we have pooled the results of all 4 cases with injections well within the borders of area 10, and assigned feedforward, feedback, and lateral characteristics only to projections for which a sample of at least 50 labeled cells was obtained, across cases. Whenever the sample size allowed this type of analysis, %SLN results obtained in individual cases, for a same projection to area 10, were highly consistent (see Table 4 ). This was certainly the case for all major projections to area 10, including those from areas 9, 12l, 13l, 14r, STP, and the rostral inferior and superior temporal areas.
Laminar Patterns of Projections
Although there were differences in the laminar composition of the different projections to the frontopolar cortex, indications of a clear anatomical-hierarchical organization were not as striking as those reported for sensory cortices (Barone et al. 2000; Rosa et al. 2009 ). The vast majority of the projections from other areas located in the frontal lobe fell within the range usually associated with lateral connections, that is, those showing a nearly balanced proportion of neurons located in supragranular and infragranular layers (Grant and Hilgetag 2005) .
The only frontal projections that showed any suggestion of a marked laminar bias originated in medial areas located near the genu of the corpus callosum. In areas 14c (%SLN = 27) and area 25 (%SLN = 14) , the laminar pattern suggested a feedbacktype connection. These adjacent areas share several cytoachitectural characteristics, including the lack of a granular layer, suggesting that they form part of the same functional complex. In contrast, the projection from the rostral cingulate cortex (area 24) was well within the range associated with feedforward connections (%SLN = 90). Projections from medial areas located outside the frontal lobe also tended to be characterized by a large proportion of supragranular cells (Table 3) , although in several cases the small samples made the quantification unreliable.
In the temporal association cortex, projections from subdivisions of the inferior temporal cortex to area 10 were nearly balanced in terms of laminar origin, as were those from STr and the parahippocampal cortices. In contrast, projections from the putative STP cortices and FSTv showed a supragranular bias (%SLN = 72 and 71, respectively), while those from the temporal pole and adjacent area 36r showed a mild infragranular bias (%SLN = 32 and 36, respectively). The only temporal association areas that formed projections characterized by a heavy laminar bias were the insula and adjacent proisocortical area. Both of these projections had the characteristics of feedback connections (Table 3) .
Most of the projections from auditory, visual and premotor areas were compatible with feedforward-type connections, although the analysis was marred by small numbers of labeled cells in each area (Table 3) .
Interhemispheric Projections
As shown in Figure 17 (insert), 99.8% of the interhemispheric projection to the frontopolar cortex originated in frontal lobe areas, with nearly three-quarters of these labeled cells forming the homotopic projection from contralateral area 10. The distribution of interhemispheric projections to the frontal pole revealed marked similarities to the ipsilateral projections described above, as well as some significant differences. As summarized in Figure 17 , after exclusion of the homotopic projections, in most cases the areas that sent strong interhemispheric projections proved to be the same ones that sent dense ipsilateral projections. Thus, most of the connections originated from contralateral frontal areas 9, 13l, 14, and 32, with smaller projections originating from dorsal area 8 (subdivisions 8Ad and 8B), area 11, and other subdivisions of the orbital cortex, including the lateral part of the orbital insula. However, unlike ipsilateral projections, contralateral afferents from temporal areas were present only in very small numbers (together comprising~1% of the heterotopic afferents). These projections consisted of isolated cells scattered across the inferior temporal, temporal polar, and parabelt areas (see Table 5 for consolidated results including all injections), without obvious consistency across cases. Analysis of the laminar distribution of labeled cells showed that most of the contralateral areas contained a high proportion of cells in supragranular layers (Table 5 ; see Barbas et al. 2005) . The only possible exceptions to this rule were areas of the caudal orbital cortex (13a/b/m and Ins l), which showed comparatively larger proportions of infragranular cells.
Intrinsic Connections
A dense zone of intrinsic connections surrounded the injection sites. With the exception of the smallest injection (Fig. 5) , labeled cells were found throughout the medial, orbital, and lateral subregions of area 10 (Figs 4 and 6--8 ). Beyond these, columns of labeled neurons radiated out into nearby architectural areas. Because of the very dense labeling in the neighborhood of the injection sites, which resulted in difficulty in distinguishing cells labeled via axonal transport from those that incorporated the tracer passively, intrinsic connections were not included in the detailed quantitative analyses (the densities indicated in Figs 3--7 reflect conservative minimum estimates). However, careful mapping of labeled cell populations in area 10 regions situated farther from the injection sites indicated that intrinsic connections originate in approximately balanced proportions from cells located in the supragranular and infragranular layers (%SLN range = 49--59, in different cases).
As in the macaque (Carmichael and Price 1994) , cytoarchitectural area 10 in marmosets is believed to form a caudal, finger-like extension along the midline cortex (see Fig. 2 ). Although not included in our injections, the putative ''10mc'' subregion (Saleem et al. 2008 ; also referred to as the ''infralimbic'' area by Preuss and Goldman-Rakic 1991b ) contained large numbers of retrogradely labeled cells, which, similar to intrinsic connections, were distributed in near-even numbers across the supragranular and infragranular layers. However, this laminar pattern was not different from those observed in adjacent areas (14r and 32).
Discussion
Uniformity and Diversity of Area 10
One of the most basic unresolved questions about the frontopolar cortex is whether cytoarchitectural area 10 encompasses a single cortical area or forms a functionally heterogeneous complex. This is not a simple issue, as even well-defined areas show some regional variation in their pattern of cortical inputs (Falchier et al. 2002; Palmer and Rosa 2006a) . We found that, irrespective of the location of injection sites, the vast majority of afferent cells were located within a reproducible network, which included areas 8Ad, 9, 11, 12, 13, 14, 32 , the rostral inferior and superior temporal cortices, the STP cortex, and the temporal pole. In addition, our results highlight the distinctiveness of area 10 relative to other frontal areas. In agreement with results in macaques Pandya 1999, 2002) , our injections in areas 9 and 46 revealed much stronger connections with the posterior parietal and supracallosal cortices and much weaker projections from the rostral temporal cortices and from medial area 14, in comparison with area 10. The distinctive Figure 13 . Histological transitions in the lateral surface of the rostral temporal lobe. Left, myelin-stained (Gallyas method) section; right, Nissl-stained section. Conventions as in Figure 11 . Scale bar 5 1 mm. For guidance, the image on the right is replicated in Supplementary Figure 6 , with the layers outlined.
pattern of connections of area 10 is further revealed by comparison with previous studies of areas 8Ad, 8B, and 12 of both macaques and marmosets (Barbas 1988; Carmichael and Price 1995b; Barbas et al. 1999; Petrides and Pandya 2002; Roberts et al. 2007) . Despite resembling area 10 in receiving multimodal inputs, these areas are more strongly connected with the posterior parietal cortex, area 46, caudal cingulate areas 23 and 31, and topographically organized sensory cortices, suggesting a greater emphasis on spatial aspects of cognition.
On the other hand, our results hint at possible specializations of subsectors of area 10. For example, labeling in the retrosplenial and parahippocampal regions was strongest following injections in medial area 10, and different injection sites revealed predominance of afferents from either the superior or inferior temporal cortex. This variability could reflect an evolutionary trend for functional subdivision of area 10 (Ongu¨r et al. 2003) , despite its small size and cytoarchitectural uniformity in the marmoset. However, the available evidence does not allow us to rule out other possibilities, such as patchy/ modular organization of projections and individual variability. Due to ethical considerations, the conclusions of primate neuroanatomical studies are generally based on a relatively small number of animals, a situation that has the potential to magnify effects of injection site variability (to put this statement in perspective, the present injection sites are equivalent in number to the sum of all cases included in previous studies of simian area 10). Thus, we take the conservative approach of considering area 10 as a single area, which may show mediolateral gradients of connections.
Frontal Lobe Afferents
Previous studies in macaque monkeys Price 1995a,b, 1996; Barbas et al. 1999; Saleem et al. 2008) , which described the cortical projections to the orbital and caudal portions of area 10, provide the most relevant (and, in many cases, only) basis for comparisons with the present data. Similar to Barbas et al. (1999) , we found that area 10 receives most of its afferents from other frontal cortices. In the orbital region, our data are also in agreement with reports of projections from the lateral orbital insular cortex and from area 11 to area 10. An apparent point of disagreement is our finding of strong projections from area 13l to area 10. In the macaque, it has been suggested that the main projections from the caudal orbital cortex to area 10 originate in adjacent area 12o (Carmichael and Price 1996; Barbas et al. 1999 ). However, a close analysis of the experimental evidence indicates that this discrepancy may be more apparent than real. Similar to the results of Carmichael and Price (1996) , a tracer injection in the lateral/orbital portion of area 10 (CJ71-FB) also revealed strong projections from area 12o. Thus, the marmoset and macaque data can be reconciled if one assumes that area 12o specifically targets lateral/orbital area 10, a notion that is supported by retrograde tracer injections in macaque area 12o (case OM7-FB; Carmichael and Price 1996) . Whereas Barbas et al. (1999) reported that an injection in medial area 10 also led to caudal orbital label predominantly in area 12o, retrograde tracer injections in area 13 by the same author reveal a major projection from area 10 (Barbas 1993) .
Other frontal connections in the marmoset appear to coincide with those reported in the macaque. On the dorsolateral surface, the main afferents originated in area 9, whereas ventromedially there was a massive projection from area 14r and a significant projection from area 32 (Carmichael and Price 1996; Barbas et al. 1999 ). There were, however, some minor discrepancies, including relatively fewer afferents from area 24 (particularly in comparison with Barbas et al. 1999) , and an overall weak projection from area 46. The few afferents from within the presently recognized boundaries of area 46 may indicate the need to reconsider the extent of this area in the marmoset, in particular with respect to its border with area 8Ad. Given the subtle cytoarchitectural borders in this region, further neuroanatomical studies of the dorsolateral prefrontal cortex of the marmoset will be required to address this issue.
Temporal Lobe Afferents
Most studies in Macaca species have reported that temporal lobe projections to area 10 originate in superior temporal auditory association and polysensory areas (Carmichael and Price 1996; Cavada et al. 2000; Saleem et al. 2008) . However, weaker projections from the inferior temporal cortex have also been reported, both in this genus (Barbas et al. 1999 ) and in owl monkeys (Weller and Kaas 1987) . In the marmoset, superior temporal projections were always accompanied by inferior temporal projections, suggesting significant visual inputs to the frontal pole. In this respect, our data are reminiscent of results obtained in the prosimian Galago (Preuss and Goldman-Rakic 1991a) .
Given that the projections from inferior temporal areas outnumbered those from the superior temporal areas in 2 cases, one might also consider the possibility that some of our injections invaded adjacent areas. However, as adjacent dorsolateral prefrontal areas 9 and 46 have different input patterns, and are not known to receive strong inferior temporal projections (Barbas et al. 1999; Petrides and Pandya 1999) , invasion of these areas is unlikely to explain our observations. Although area 12 is reported to receive inferior temporal afferents (Petrides and Pandya 2002) , injections that invaded the rostral part of this area would also be expected to label substantial projections from posterior parietal, ventral somatosensory, and premotor areas (Carmichael and Price 1995b; Roberts et al. 2007 ), which were not apparent in our data. Importantly, strong inferior temporal afferents were observed in a case (CJ70-DY) in which the injection was far too medial to have invaded area 12. Thus, there is little support for the notion that our injection sites invaded adjacent areas.
Another possibility is that the presently recognized areal boundaries in the marmoset rostral temporal cortex are incorrect and that projections to area 10 do not actually originate in the inferior temporal cortex. However, the visual function of ITr is supported not only by connectional studies in the closely related squirrel monkey, a species showing very similar brain morphology and cytoarchitecture (Weller and Steele 1992) , but also by electrophysiological recordings that revealed the existence of face-selective cells in this part of the marmoset cortex (Tamura and Fujita 2007, and H Tamura, personal communication) . Moreover, in 2 cases, cells labeled by area 10 injections were also found in ITd, a region known to send direct projections to extrastriate areas in the marmoset (Palmer and Rosa 2006b ).
In summary, there are good reasons to regard the visual input to the frontal pole as a genuine feature of the marmoset brain. More studies will be needed to determine whether the differences between our results and those of previous studies in the macaque simply derive from the fragmentary nature of the current evidence or reflect quantitative differences in emphasis of connections between species. The latter possibility is underpinned by comparative anatomical studies of more thoroughly defined cortical areas, which have revealed that major connections remain relatively unchanged despite millions of years of independent evolution (Krubitzer and Kaas 1990) , whereas other pathways vary to a greater extent. For example, as Figure 17 . Percentages of labeled neurons located in different cortical areas of the contralateral hemisphere after 4 injections in area 10. The columns in the main graph illustrate the mean and standard error of the mean of the percentages of extrinsic connections. Black columns indicate projections from areas that formed consistent projections in each of these 4 cases, gray columns indicate projections that were present following each of the injections, but were deemed minor (\1% of the contralateral projection) in at least one case, and white columns indicate projections that were absent in some cases. The insert demonstrates that most of the interhemispheric connections originated within area 10 itself. See also Table 5 .
Cerebral Cortex August 2011, V 21 N 8 1733 expected from mathematical modeling (Ringo 1991) , functional pathways that are multisynaptic in a species with a larger brain can appear as direct connections in a species with a smaller brain (Palmer and Rosa 2006b ). Thus, it would not be surprising if the marmoset brain shows anatomical pathways that are not present, or are multisynaptic, in the macaque brain.
Functional Implications of Cortical Projections to Area 10
In agreement with Jones and Powell (1970) , we found that the frontal pole is a zone of convergence for highly processed sensory information, integrating major visual and auditory afferents. In addition, some of its insular and caudal orbital projecting zones have been implicated in the conveyance of somatosensory, gustatory, visceral, and olfactory afferent information (Mesulam and Mufson 1982b; Barbas 1993; Carmichael and Price 1995b; Roberts et al. 2007 ). This convergence, allied to the wide-ranging pattern of intrinsic interconnections within area 10 (including a very robust interhemispheric component), is likely to facilitate local integration of information originating from different senses. This multisensory ''view from the top'' is likely to be crucial for organizing behavior according to the affective and hedonic characteristics of external events. Physiological studies in the macaque (Tsujimoto et al. 2010 ) have demonstrated that the activity of many cells in dorsolateral area 10 reflect the decisions guided by ''stay'' or ''shift'' cues, which require a combination of working memory and ongoing feedback. Interestingly, this decision selectivity becomes manifest only around the time when feedback about the appropriateness of the last decision is provided, as opposed to when this decision was actually made. Based on these results, and on the lack of peri-feedback selectivity in trials when the animal simply followed immediate spatial cues, the authors suggested a role of the frontopolar cortex in evaluating the consequences of self-generated decisions. Provision of this feedback through sensory channels could be one of the key roles of the observed temporal projections to area 10. The fact that neuronal activity in area 10 can be modulated in a similar manner by visual or somatic feedback (Tsujimoto et al. 2010) argues that the relevant sensory information provided by the temporofrontal projections is encoded in terms of abstract concepts, rather than specific sensory features. It is also significant that area 10 receives a very strong input from ventromedial prefrontal cortex (in particular area 14), which in humans appears to be crucial for reward processing, appetitive valuation, and decision making (e.g., FitzGerald et al. 2009; Elliott et al. 2010) .
Functional coactivation patterns revealed by functional magnetic resonance imaging in humans have been interpreted as indicating that area 10, the temporal pole, and the retrosplenial region are key nodes of a social cognition network (Simmons et al. 2010 ). The projections from ITr revealed in the present study suggest that information about objects present in central vision (usually reflecting an individual's main focus of attention) can readily influence cells in area 10, possibly conveying information about the identities of other individuals in the social group and their emotional states (Olson et al. 2007) . A role in social cognition could also be indicated by the consistent projections from the superior temporal cortex, including regions that integrate information about others' body actions in space, social attention, and intentionality (Oram and Perrett 1996; Jellema et al. 2000; Nummenmaa and Calder 2009) , as well as from the middle orbital cortex, where cells responsive to facial expressions have been found (Tsao et al. 2008) . In addition, the medial and rostral portions of area 10 receive projections from rostral auditory cortex, which may convey acoustic cues for assessment of affective content in vocalizations Romanski and Averbeck 2009) , and from the caudal orbitofrontal areas, which could convey awareness of olfactory social interaction cues (Carmichael and Price 1995b) .
Some of the putative sensory projections to area 10, including those from the caudal parabelt and area prostriata, are difficult to interpret in terms of a single role in ongoing monitoring of the consequences of behavioral decisions. One possibility is that these projections, from areas linked to auditory localization and peripheral vision (Romanski et al. 1999; Palmer and Rosa 2006a) , provide substrates for updating the focus of behavior, including keeping track of multiple events in the environment, perhaps via interaction with polysynaptic pathways through the lateral prefrontal cortex.
An influential model for the interpretation of frontal cortical function proposes the existence of functionally and anatomically distinct ''orbital'' and ''medial'' networks of areas (Carmichael and Price 1996) . According to this view, areas within the same network are strongly connected, whereas areas belonging to different networks share few interconnections, not only within the frontal lobe but also with distant targets in the temporal and parietal lobes (Kondo et al. 2003 (Kondo et al. , 2005 . Areas in the orbital network have robust connections with sensory and premotor cortices, whereas medial network areas have stronger limbic connections (Ö ngu¨r and Price 2000) . More recently, the medial network has been equated to a connectional correlate of the ''default'' or ''intrinsic'' cortical system (areas that become most active when attention is focused internally, rather than on external events; Raichle and Snyder 2007; Saleem et al. 2008) . Our results revealed that marmoset area 10 has extensive connections with both orbital and medial network frontal areas, albeit in most cases with a bias toward the latter. These data could be interpreted as supporting the view that area 10 is involved in the organization of behavior with respect to the balance of sensory events relative to internally generated (stimulus-independent) states (Burgess et al. 2007 ). However, it is also possible that there is a difference between the marmoset and the macaque, for which the currently available data indicate a preferential relationship of area 10 with the medial network. Changes in connectivity are to be expected in relation to changes in overall brain size, with larger primates likely to demonstrate greater segregation between brain subsystems (Changizi and Shimojo 2005) .
Conclusions
Our experiments demonstrate that cells throughout area 10 receive a similar mix of primary afferents, which presumably define this area's main functions, while at the same time receiving a different combination of minor afferents, which create localized functional diversity. Combined with the architectural uniformity of marmoset area 10 (Burman and Rosa 2009), these observations suggest that the betterdifferentiated subdivisions of human frontopolar cortex (Ö ngur et al. 2003 ) originated from the elaboration of an ancestral pattern, in which subtle functional emphases were defined by intra-areal, local quantitative biases in connections. Indeed, as discussed elsewhere (Ringo 1991) , connectional scaling rules predict that different degrees of functional specialization are likely to emerge as a logical consequence of the evolutionary expansion of a cortical area. Overall, the pattern of anatomical inputs traced by our experiments is compatible with a number of possible roles in affective valuation of current objects and events and prioritizing these as the foci for current and future behavior (Daw et al. 2006; Koechlin and Hyafil 2007) .
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